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Optica.l and infrared masers make possible and attractive a number of
new experiments, and refinements of o0ld ones, where great brecision in

measurement of length is needed. One type 1s the examination of the isotropy

- of space for light propagation,: or‘ more specifically the examination of what

40 each other, one of them may be designated as the”"rest system" and

effects the earth's velocity or various other fields may have on the velocity
of light. We have completed the first stagés of an experiment with He-Ne

masers which can be regarded as equivalent to a Michelson-Morley experiment

‘of lmproved precisioh. These preliminary tests show that the effect of

"ether drift" is less than 1/1000 of that which might be produced by the

’

earth's orbital:velocity.

Introduction

The metric in our space, assumed to be four-dimensional and Euclidean,
P

qmdits gatdlyt+ g5 ™

2 (D

*~
can be taken as the form d o2 = 9o OH -

If this is compared in two coordinate systems, moving uniformly with respect
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ass@ed to be isotropic in the .sfiat:fa.}l’ coordinates. Then all g's in this
coordinate system may by definition be taken as unity. If the relative
velocity of the second coordinate systém is along the x axis, ilts metric
expressed in terms of the coordinetes t, x, y, and z of the rest system

“O(f‘ _ 3'201,(7. . 7za (dyl*dza)
= 30

c? . (2)

mst have the form olo””
There are hence three independent quantities Jo, 9, and gz to ve
- determined, as has been emphasized by H. P. Robert:son.l Special relativity
predicts, of course, that Fe=9, = ’ I-—({—)’ ' and g = N €3]
. where v is the relative velocity.

Usually the "rest system" is assumed to be one which is stationary
with respect to the fixed stars. Actually in such a system there is no
a8 p_rior‘. reason why at the earth the metric need be isotropic, since matter
and fields are not isotropic sbout the earth, at least on a local scsale.

2 2 L

Hence even in the "rest" system one must regard the assumption 9o =9, =_?:. =1
only as empirically established, and probably not exact. Thus an examina-
tion with very high precision of the felations (3) serves not only as a

test of special relstivity, but also of whatever other anisotropy there
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may 'be in the propagation of light.”

As Robertson explains,l the Michelson-Morley experiment, the Kénnedy-
Thorndike experiment, and the Ives-Stilwell experiment in concert determine
experimentally the three independent quantities 9’, )ﬂ ) and CT a

since they measure 3 Je  awd 9o  respectively.

2 ) 9y
The time transformation, or 3 o , was measured by Ives and
2

" Stilwell with great precision in 1938. This experiment determined the
(™
quantity /- j o s Or = (-g) , t0 an accuracy of about one part in

3,k
30. A more recent experiment using the very high short-term frequency
stability of an ammonia beam maser has examined 3 o to still greater
precision. In this experiment, two ammonia masers were mounted with their
beams moving in opposite directions, and changes in frequency upon rotation
of the whole system through 180° were examined. Observation of zero change
in relative frequency of the two masers upon rotation can be shown5 to
verify the value o": a o predicted by special relativity. Each one-day
experiment of this type verified the expected value of /- 3,, to an

accuracy of about one part in 1000. Repetition of the experinient during

four seasons throughout the year establisbes / - jo to an accurascy of
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about one part in 2000. The same type of experiment was repea‘aed6 with
the two maser beams perpendicular to each othe;t‘ in order to examine isotropies
corresp.onding to & different type of directional dependence, and again a
null result weas found to within the precision of the experiment, the
frequencles remaining '@cMnged due to reorientation in space by auy amount
’ o
greater"‘.r;ha:n one pax;t in 1012.
7
The rotating Michelson interferometer used by Michelson and Morley'
should have produced, on the basils of an ether theory, & shift in fringe:
1
due to a change Z L[/ +G-_’->1J 35 -2L [.-H(.%)f]z_(fz in the optical ==
path length. Here L is the length of the: interferometer arm, and this
path length change is the resuit of a 900 rotation of the interferometer
when one arm is oriented along the velocity v. Since no path length change
was observed, one can conclude that ‘%‘i’ = \y / "(—é‘f-)z
The post precise measurement with -this type of apparatus has been made by

: 92=9i . LD"
Joos , from whose work one can conclude that Ja——-- - 2lec
A

to an accuracy of about one part in. 375.
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Theory of the BExperimental lMeasurement

An optical or infrared maser consisting of excited atoms between

two parallel reflecting plates oscillates at a frequency given by 7
\)\MQ\Mv + Ve Qe
v = Qw+Q <

- une
Ve 2L )

("‘/) >where Y v is the atomic frequency;U\OL
where n is an integer and L is the plate separatvion, or more

’ 1
Precisely- ~< - 1s the time for a round trip of the light between <he

VYV wheve

two plates. Q wm = m , =R AYw is the half-width at balf
'\,)Q
maximum of the atomic resonance and (e = AV )where OAyec 1is

the half-width at half maximum of the optical resonance vetween the

nC
piates. Ordinarily, &vc >>Q VA so that Y X Ve = 2

’\

If the separation between the plates is taken as L.o and the

"ether" is assumed to be streaming parallel to the axis of the maser at

e .
veloclty v, then yc(o = 2L, T (L)j:{ . Similarly, if the ether
U Tlc
v - E::—C "'—"'__ L o
drift 1s perpendicular to the axis? c@ ™ 21, D 4_&/_)1'_71. . If

two such masers are oriented at right angles, their relative frequencies

would hence change on rotation between the two 900 positions by
2 ' 2
vV v
2[ Ve -VCU)J ~ 'Vo(E) (6). Since (_;:) for a velocity v

equal to the earth's orbital velocity is about 10-8 , this represents a




frequency change of 3 x 106 c.p.8. for infrared light of wavelength one

of
micron, or A frequency ))c = 3 x 101h C.p.8.

In principle, this change of frequency can be examined with great

10
precision because of the almost mgnochromatic nature of maser radiation9’ .

Spontaneous emission produces a frequency spread for each maser oscillator

< rr'ﬁ » 2
of 10 2§ » = (4 )’C) (7) where P is the power in the

oscillations and h-v 1is the energy of one quantum of the radiation. For

aye -8 .
'—Vc.“ = 10 | which are figures typical of

a power of 10”3 watts and
He-Ne masers, 28 1s from (7) somewhat less than 1/10 c.p.s. Thus if a
weasurement of frequency is only as precise as this theoretical width, the
fractional accuracy is about 3 parts in 10]'6 , since the frequency VY, is
near 3 x 10]'1‘L C.p.8.

There is an additional frequency spread due to thermal vibrat:ions of
the spacers used to hold the two reflecting plates at a fixed separation.
The primary coptribution to this frequency var:ilat-ion comes from the lowest
frequency stretching mode of the spacers, which changes L and hence from
expression (5), the frequency. If these spacers are cylindrical, then the

/ V 2kT
frequency spread due to this effect is given by 2 § = Yy -—ﬁ (8)

where kT is the Boltzmann energy at the temperature T of the spacers, Y is
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Young's modulus, and V is the total volume of the spacers.
/ . .

For a typical case S is about 3 c¢.p.s., and hence somewhat

| S ) 1k
larger than . This still allows a precision of one part in 10
if the frequency is determined within this limiting frequency variation.

|
Of course, in principle measurements over times much longer than ?/ |
: . 1

can glve a still much-improved precision by allowing a determination of
the center of the frequercy band.

For He-Ne masers which are carefully isolated from acoustical noises
and other disturbances, and which are stationary, a precision of definition
of frequency within one order of magnitude of the above limit has been
achieved, since spectral widths as narrow as about 20 c.p.s. have been

11
demonstrated. If this precislon is achieved while two masers are rotated
9o° for the experiment discussed here, any change in relative frequency as
large as one part in lO]'3 could be detected. This would allow a very much
improved comparison of gl and go, and detection of any change with rotation

- 2
as large as 10 % of the (v/c)” term. which might be associated with the

earth's orbital motion.
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Experimental Arrangement

The experimental arrangement is shown schematically in Figure 1. A
photodetector, a discriminator, and a recorder produced a continuous record
of the frequency difference between the two oscillating masers. The two

magers were mounted on a rotating shock-proof platform with theilr axes at
1

’

right anéles to ea.cl'xi other_. lThe experiment consisted basically in rotating
the platform back and forth 90o and.’-observing the change in fregquency
difference between the two masers.

In order to obtain the best short-term stabi;ity and monochromaticity
from the masers, it is important to minimize acoustic disturbances, which
may change L, the separation of the mirrors. For thils purpose the platform
and equipment on it, welghing about 200 lbs., were suspended from a metal
plate on four rubber shock cords sbout 3 feet long. The metal plate was
in turn suspended from a 2 ft. length of 3/16 inch diameter rod of beryllium
copper attached to a beam. Resonant periods of the various motions of the
platform were of the order of a fe\; seconds, so that direct acoustic coupling

to0 the bullding was quite low. Acoustic disturbances transmitted through
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the air seemed usually to be the dominating ones. The assembly was in a
basement vault which had previously been a wine cellar, on M.I.T.'s Round
Hill Estate at New Bedford, Massachusetts. The experimeﬁters and parts of
the apparatus which produced acoustic noise were outside the vault, and
the building was otherwlse unused at the time. Vibrations due to strong
winds outside the bﬁlding or to waves on the shore produced appreciable
frequency d;"l.sturbances at times, so that the experiments were carried ouv
in quiet weather.
Relative stability o;' the masers indicéted, as noted earlier'u' , shorit-
term fluctuations of about 20 c.p.s. in each maser and a fregquency drift
of the order of ten cycles per second per second under the best conditions.
Torsion of the beryllium-copper rod gave a rotational oscillation
period for the platform of about 20 seconds, with a decay time for the
oscillation of the order of 10 minutes. Hence the platform and masers could
be rotated back and forth about 90° at a frequency near resonance with the

application of a very gentle torque. This torque was supplied by a motor-

driven oscillating rod beneath the platform and coupled to it by a thin
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rubber band about one foot long, which again gave very good isolation from
acoustic vibrations of the building.

The rotating platform had four legs which cleared the floor by a short
distance. On rofation, these legs interrupted a light beam, producing a
marker on the recorder which indicated rather accurately a rotation of 900.

' : , N

| - Even 1f external space 1s qompletely isotroplc, one must expect that
rotation will produce some_vari&tion{in the frequency difference between
the two masers due to local effects. For example, the earth's magnetic
field produces magnetostriction in the spacers which separate the maser
mirrors and Zeeman éffects on the atomic spectra, each of which can affect
the frequency of oscillation. Rotation of the table by 90° will vary these
effects. Acceleration of the masers due to the oscillatory motion of the
table may also produce a relative frequency change if.the ?wo masers are
not ldentically constructed.

To discriminate between these local causes of frequency variation

with rotation and an effect associated with a more basic anisotropy in

space, the observations need only to be repeated throughout some large part
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of a day, as was done in the beam-type maser experiment.3’u Thus at noon
and midnight the earth's orbital velocity is in the plane of the rotating
table and an ether drift effect should be maximum, whereas at sunrise and
sunset the orbital velocity is more nearly perpendicular to the table and

any effect due to it must be a minimum. Local laboratory effects such as
' .Y

+

the earth's magnetic field do not, of course, vary systematically with the

earth's rotation as would an ether drift.

Experimental Results

The measured varistion in relative frequencies of the two masers witih
rotational oscillation of the platform is shown in Figure 2, which is a
recording of the output of the discriminator over a number of periods of
oscillation of the table. The markers separated by §O°, which may be seen
on this recording, allow determination of the relative frequency change with
a rather precise and reproducable 90o rotation. The magnitude of this
frequency change is about 250 kilocycles/sec., or somewhat less than 1/10

that attributable to the earth's orbital velocity on the simple ether theory.
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The change is mostly associated, as indicated sbove, with local effects
such as the earth's magnetic field, and must be measured throughout some
appreclable part of the day to allow detection of any more fundamental
spatial anisotropy.

A recording of frequency variations with rotation was made over a

A

period of some minutes at each half-hour interval during a little more than
six hours. On each recording, the fi'equency change between 90° maxrkers was
measured for about 5 complete oscillations. From these the mean changes
and a probable error were computed. The resulting data from 6:00 a.m. to
12:00 noon on January 20, 1963, are shown in Figure 3. The lengths of
vertical lines indicate the probable errors of each point, which are gbout

+ L k.c.

As indicated above, any sinusoidal veriation with a twelve-hour period

in the frequency shifts shown in Figure 3 could indicate an effect of 'ether

drift" or anisotropy in light propagation. The six-hour period plotted
represents one-half cycle of such a variation. A very detalled statistical

analysis of the possible variation revealed by these points is probably not
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warranted because of the ever-troublesome question of possible systematic
errors, and because the present experiment is a preliminary one, even though
it does represent an improvement over previously available measurements.

It 1s easy to see qulckly from this figure that the frequency shift does

not appear to change In a systematic way more than a few killocycles. A

Q

¥

somewhat more definite nunerical result may be obtained by averaging the
six points from 6:00 a.m. to 8:30 a.m. and comparing this with the average
of the six points from 9:30 a.m. to 12:00 noon. The difference is 1.6
kilocycles, with‘a probable error of 1.2 k.c. calculated solely from the
fluctuations. Similarly, one may compare the average of the seven points
between T:30 a.m. and 10:30 a.m. with the average of the remaining points.
The difference between these averages is again 1.6 k.c., with a probable
error of 1.2 k.c. based solely on the fluctuations.

From the above, one can conclude that the amplitude of the sinusoidal
variation in the frequency shift due to an'"ether drift" equal to the

. 2
earth's orbital velocity--that is Y (%E) , where v is the earth's

orbital velocity and j) is the maser frequency, -- 1s not greater

than 3 kilocycles/sec., or is hence less than 1/1000 of the effect of an
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"ether drift" as large as the earth's orbital velocity.

Discussion and Further Experiments

The present preliminary experiment with optical masers already gives
; ' ' o .

a useful improvement over previous precision with which a Michglgon;Morley
type of experiment could practically be carried out. However, the experiment
is still far sﬁort of any real limits set by the technlque. When the
rotating table was at rest under favorable conditions, the two masers
changed frequency with respect to each other by no more than about 30 c.p.s.
during a few seconds time. This is four orders of magnitude less than the
background variation due to magnetostriction or other effects when the table
was rotated, and about two orders of magnitude smaller than the limlt of
error set by the present experiment for any more interesting effects of
anisotropy.

The next planned‘step in this experiment ;g the use of quartz spacers

between the mirrors to eliminate magnetrostriction effects. . Hopefully, this

will allow another order of magnitude in precision of the search for any
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anisotropy. It appears likely that great care in this experiment may
eventually allow two orders of magnitude improvement, or detection of any
effects of anisotropy as large as five orders of magnitude less than the
vV L
(Z) term associated with an "ether drift" when v is the earth's velocity.
It is clear from the introduction that the Kennedy-Thorndike experiment,
. _ o _
or the cc;ml;arison of time and length, already répresents the greatest uncer-
tainty in experimental test of tran;formation of the line element in a
moving coordinate system. Fortunately, this too may be now redone with
co.‘_e.id,ra_'l_e accuracy by the use of infrared or optilcal masers.
Equation (4) shows that the frequency of oscillation of masers may
be primarily determined by the separation between mirrors (when Qc>7 Ow ),
or prir,nari]y by the freqﬁency of the atoms involved (when Q w >7 Qc. ).
In the first case, the frequency depends primarily on & length aﬁd in the
second primarily on a time. Hence 1if one maser of each type is mounted
on the rotating table and any change of thelr frequency difference with
Je_
rotation observed, one determines 31_3' . Such an experiment

is hence equivalent for our purpose to the Kennedy-Thorndike experiment.
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This method appears to give an opportunity of improving the precision of
the Kennedy-Thorndike result from sbout 1/3 of the (&) term to
about 1/1000 of this term, or possibly better. To obtain some improvement,
it 1s not essential to prbduce two masers with the extreme characteristics
Re>>Pw and Qun >>Q@c , but only to have the two depend on the
. : 4

‘atomic resonance and the mirror separation, according to expression (4),

in some appreciably different quantitative way.
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FIGURE 1 SCHEMATIC DIAGRAM FOR RECORDING THE VARIATIONS
' .
IN BEAT FREQUENCY BEI‘WFEN TWO OPTICAL MASER
OSCILLATORS WHEN ROTATED THROUGH 90° IN SPACE.
APPARATUS ON THE SHOCK-PROOF ROTATING TABLE IS

ACOUSTICALLY ISOIATED FROM THE REMAINING

ELECTRONIC AND RECORDING EQUIPMENT.
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SCHEMATIC DIAGRAM FOR RECORDING THE VARIATIONS IN THE BEAT
FREQUENCY OF TWO OPTICAL MASER OSCILLATORS WHEN ROTATED
THRO' 90° IN SPACE. THE APPARATUS ON THE SHOCK - PROOF
ROTATING TABLE WAS ACCOUSTICALLY ISOLATED FROM THE
REMAINING ELECTRONIC AND RECORDING EQUIPMENT.

COINCIDENT.




FIGURE 2 A PLOT OF FREQUENCY VARIATION BETWEEN MASERS
DUE TO 90° ROTATION OF THE TABLE. VERTICAL SCALE
IS SUCH THAT mxnmm VARIATION IS ABOUT 275
'KILOCYCIES PER SECOND. MARKERS INDICATE
ROTATIONAL ANGUIAR POSITIONS ZERO AND 90°.
DOUBLE MARKERS APPEAR BECAUSE THE TOTAL ROTATION
SLIGHTLY OVERSHOT THE ZERO AND 90° POSITIONS

ON EACH SWING.







FIGURE 3 PLOT OF RELATIVE FREQUENCY VARIATION OF TWO
1

MASERS WITH 90° ROTATION AS A FUNCTION OF THE

TIME OF DAY BETWEEN 6:00 A.M. AND 12:00 NOON

ON JANUARY 20, 1963.
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